Abstract. Breast cancer is one of the most frequently diagnosed forms of cancer and different treatments are used to block its progression. However, it still represents a very common cause of death in women. Doxorubicin (Dox) is reported as an effective agent in breast cancer treatment nonetheless it induces many side-effects. For this reason, many laboratories are engaged in understanding how it is possible to decrease the drug concentration, considering that one of the possible solutions is to use drug synergy, combining it with natural substances. Recently we showed that a phenolic extract from flaxseed (FS) oil, named PEFSO, induced on MCF-7 cell line an increase of apoptosis with related modification of G0/G1 phase cell cycle, and the activation of signaling and pro-oxidant pathways. In this study we present data on the combined effect of Dox and PEFSO on two different breast cancer cell lines to define the conditions to use lower doses of this chemotherapeutic agent. We report the data relating to the ability of this mixture to induce cytotoxicity and apoptosis, cell cycle modification, mitochondrial membrane depolarization and activation of extrinsic and/or intrinsic apoptotic pathway.
Introduction
Breast cancer is fatal among women (522.000 deaths in 2012) and one of the most frequently diagnosed cancers in 140 of 184 countries worldwide. Its clinical classification is based on the assessment of the type of expression of estrogen receptors (ERs), progesterone receptors (PRs), or human epidermal growth factor receptor 2 (HER2) (1) . Triple-negative breast cancer (TNBC), which represents about 15% of cases, does not express any of these receptors, and, thus, it is more difficult to treat with current therapies, also because it is more likely to metastasize determining a poorer prognosis (1) . Chemotherapy is routinely used for cancer treatment although its success is quite limited, due to severe side-effects caused by drug resistance, targeting of healthy cells, and metabolic stress (2) . Doxorubicin (Dox) is one of the most effective agents in the treatment of breast cancer patients (3), even if it shows severe side-effects in the form of typhlitis, cardiotoxicity, nephrotoxicity, hepatotoxicity and other toxicities (4, 5) . In general, Dox increases the oxidative stress, which kills cancer cells and induces an inflammatory microenvironment, with a generalized unwanted cellular toxicity (6) ; thus, Dox alone is not a preferable drug. A myriad of plant products have shown very promising anticancer properties in vitro, but they have yet to be evaluated in humans (7) . However, some phytochemicals have shown a chemopreventive effect and the ability to sensitize cancer cells toward Dox (8) . For example, recently it has been demonstrated that the combination of resveratrol and Dox in breast cancer is able to synergize their effects and to induce apoptosis, by downregulation of inflammatory factors, NF-κB, COX-2, and autophagy (LC3B, Beclin-1) (5). Even, ferulic acid showed a protective effect against cardiotoxicity induced by Dox in tumor-bearing mice as assessed by the level reduction of serum marker enzymes like CK and LDH and transaminases and activating lipid peroxidation (9) . Furthermore, Dox-antioxidant compound, obtained by mixing Dox with ferulic acid, was found to be less toxic than Dox in cardiomyocytes (10) . In the last two decades, flaxseed (FS) has been a focal point of interest in the field of nutrition and disease research due to the potential health benefits associated with its biologically active components (11) . It has been shown that FS and/or its oil inhibit the formation of colon, breast, skin, and lung tumors reduce blood vessel cell formation in female rats, thus suggesting a protective effect against breast, colon and ovarian cancer (12) . Since no detailed information was reported on the effect of the phenols in FS oil on breast cancer, we have characterized and assessed its potential effects on two human breast cancer cell lines, MCF-7 and MDA-MB231. that the main components of the phenolic extract from FS oil, named PEFSO, were ferulic, vanillic and p-hydroxybenzoic acids. they were very effective only on MCF-7 cell line by inducing an increase of apoptosis and lipid peroxidation, cell cycle g0/g1 phase modification, and a related activation of the H2AX signaling pathway and of some pro-oxidant genes, when compared to untreated cells. The aim of the present study is to verify that PEFSO has a possible synergic effect with Dox. therefore, we have analyzed the effects of their combination on ER-positive MCF-7 and receptor-negative MDA-MB231 human breast cancer cell lines in terms of cytotoxicity, apoptosis induction, cell cycle modification, mitochondrial membrane depolarization and gene expression involved in extrinsic/death receptor and mitochondrial/intrinsic apoptotic pathway.
Materials and methods
Cell culture and treatment. Two human breast cancer cell lines, estrogen receptor-positive MCF-7 (HtB-22, adenocarcinoma) and estrogen receptor-negative MDA-MB231 (HtB-26, adenocarcinoma) (both from lonza, Verviers, Belgium) were grown as described elsewhere (13 , and 252 µg/ml for PEFSO. the concentrations used are similar to those of our previous studies (13, 14) . The phenolic extract from FS oil was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) at a concentration of 100 mM. In cell cultures the DMSO concentration remained always <0.1%, a dose that did not exert toxic effects (15 Apoptosis assay. The cells (1x10 6 ) were labeled with Annexin v and Dead Cell Assay kit according to the manufacturer's instructions (Merck Millipore, Darmstadt, germany) after they were harvested and washed twice with ice-cold PBS. this test is based on the phosphatidylserine (PS) detection on the apoptotic cell surface, using fluorescently labeled Annexin v in combination with the dead cell marker, 7-aminoactinomycin D (7-AAD). The apoptotic ratio was calculated by identifying four populations: i) Annexin v (-) and dead cell marker (-), the viable cells; ⅱ) Annexin V (+) and dead cell marker (-), the early apoptotic cells; ⅲ) Annexin V (+) and dead cell marker (+), the late apoptotic cells; and ⅳ) Annexin V (-) and dead cell marker (+), the cells died through non-apoptotic pathway. the samples were counted and analyzed by the Muse™ Cell Analyzer and a software provided by Merck Millipore, respectively.
Cell cycle analysis. Cell cycle analysis was performed utilizing Muse™ Cell Analyzer following the manufacturer's instructions. After treatments, cells were washed with PBS, centrifuged and after removal of the supernatant, 1 ml of ice-cold 70% ethanol was added to the cell pellet. The samples were capped and frozen at -20˚C for at least 3 h prior to staining. Ethanol-fixed cells were centrifuged and the pellet was re-suspended in PBS. After a further centrifugation, the supernatant was removed and discarded and cell pellet was re-suspended in 200 µl of Muse™ Cell Cycle Reagent containing propidium iodide (PI) and RNase A in a proprietary formulation. PI discriminates cells at different stages of the cell cycle, based on the differential DNA content in the presence of RNase to increase the specificity of DNA staining. The cells were incubated for 30 min at room temperature, in the dark. After staining, the cells were processed for cell cycle analysis.
RNA preparation and quantitative reverse transcription polymerase chain reaction (RT-qPCR)
. RNA isolation and cDNA preparation were performed as previously described by Sorice et al (13) . The reverse transcribed products were used to perform qPCR in order to evaluate the expression level of transcripts of selected genes. Sequences for mRNAs from the nucleotide data bank (National Center for Biotechnology Information, Bethesda, MD, uSA) were used to design primer pairs for Rt-qPCR (Primer Express Software; Applied Biosystems, Foster City, CA, uSA). Oligonucleotides were obtained from Sigma-Aldrich. the efficiency of each primer pair was calculated according to the standard curve method using the equation E = 10 −1/slope . Five serial dilutions were set up to determine Ct values and reaction efficiencies for all primer pairs. Standard curves were generated for each oligonucleotide pair using Ct values vs. the logarithm of each dilution factor. Rt-qPCR assays were run on the 7900Ht Fast Real-time PCR System (Applied Biosystems).
The primer sequences are provided in table I. Starting with 2 µg of total RNA, we have prepared a 20-fold dilution of the resulting cDNA to achieve the concentration equivalent of starting with 100 ng of RNA (Life Technologies/Invitrogen), according to the manufacturer's instructions. A total of 10 ng of cDNA was amplified in a total volume of 25 µl containing 1X SYBR-green PCR Master Mix (Applied Biosystems) and 300 nM of forward and reverse primers. the thermal profile conditions were as follows: 5 min of denaturation at 95˚C followed by 44 cycles at 95˚C for 30 sec and 60˚C for 1 min. We have added one cycle for melting curve analysis at 95˚C for 15 sec, 60˚C for 15 sec and 95˚C for 15 sec to verify the presence of a single product. Melting curve analysis was carried out after amplification to verify the validity of the amplicon. Each assay included a no-template control for each primer pair. to capture intra-assay variability, all Rt-qPCR reactions were carried out in triplicate. For all Rt-qPCR experiments, the data from each cDNA sample were normalized using β-actin mRNA as endogenous level (17) . Sample ΔCt values were calculated as the difference between the means of gene markers Ct and housekeeping assay Ct from the same sample. The 1-fold expression level was chosen as the threshold for significance of target genes. Statistical analyses (paired Student's t-tests) were performed using Prism software (graphPad Software, Inc., la Jolla, CA, uSA). 
Results
Cytotoxicity assay. The cytotoxic effects of Dox and its combination with PEFSO were evaluated on MCF-7 and MDA-MB231 cell lines by SRB assay to identify the concentrations at which the 50% of cell growth was inhibited. As reported in our recent report (13) , after the treatment with PEFSO alone the MCF-7 and MDA-MB231 cells reached an inhibition corresponding to an IC 50 of 63 and 64.5 µg/ml, respectively. In the case of Dox treatment the two cell lines reached their respective IC 50 values at concentrations of 1.2 and 1.5 µM for MCF-7 and MDA-MB231 cells, respectively, when compared to non-treated cells (Fig. 1) . Subsequently, on the basis of the median value obtained from the effect analysis of Dox and PEFSO alone in calculating CIs, we explored the anti-proliferative effects of Dox and PEFSO combinations by testing equipotent doses of the two agents (ratio, 50:50). In this way we have verified that the MCF-7 and MDA-MB231 cells reached an IC 50 inhibition comparable to those of stimulations with 15.75 µg/ml (PEFSO) and 0.3 µM (Dox) and with 24 µg/ml (PEFSO) and 0.49 µM (Dox), respectively. A strong synergistic effect with low CIs (CIs<0.9) was demonstrated when simultaneous equipotent combination doses were used for both cell lines (Fig. 1) MDA-MB231 cells, respectively, when compared to concentrations of two compounds taken individually (table Ⅱ) .
Apoptosis studies. Our previous data showed that the treatment with 63 and 64.5 µg/ml of PEFSO alone in MCF-7 and MDA-MB231 cells resulted in induction of apoptotic death equal to 82.05% (±0.02) and 22.95% (±0.04), respectively (13) . Therefore, we investigated also the Dox ability and its combination with PEFSO to induce apoptosis in the two cell lines. Fig. 2 Cell cycle assay. Considering that the two compounds affected the cell proliferation inducing death in both cell lines, we analyzed their effects also on the cell cycle distribution after 48 h of treatment at the same concentrations used for the apoptosis assay. In our recent report, we observed in both cell lines a dose-dependent increase of the percentage of cells in g0/g1 phase as well as a decrease in g2/M and a slight decrease in S phase, when treated with PEFSO and compared to the control (13) . After treatment by Dox, we have a decrease of g0/g1 and S phases and an increase of g2/M phase in both cell lines (Fig. 3) . While after treatment with PEFSO + Dox at concentrations corresponding to IC 50 , we had an increase of g2/M phase similar to that of Dox alone. However, even if the data after the co-treatment are not comparable to those obtained using Dox and PEFSO alone, it is important to underline that the concentrations used during the co-treatment were lower than IC 50 values obtained by dose-response assays with Dox and PEFSO alone, and that the effects after Dox + PEFSO are certainly influenced from two different action mechanisms due to the two molecules.
DRI at IC 50 (± SD) -------------------------------------------------------------------
Mitochondrial membrane depolarization. We evaluated, on both cell lines, the effects on depolarization of the mitochondrial membranes (loss of ΔΨm) by Muse system when treated with the two compounds alone or in combination. Loss of the mitochondrial inner transmembrane potential is a reliable indicator of mitochondrial dysfunction and cellular health. This effect is often observed to be associated with the early stages of apoptosis (18) . We observed in MCF-7 cell line an increase of the mean percentage of cellular depolarization in presence of IC 50 concentrations for PEFSO and Dox, respectively, when compared to untreated. Their combination at two concentrations below the IC 50 values produced a nearly similar depolarization in respect to each compound alone. Furthermore, we noted an increase of death cells by means of co-treatment that we had not observed during the treatment with the individual compounds (Fig. 4) . A significant change in the ΔΨm was also evident in MDA-MB231 cells compared to the control. We observed also an increase of cell death when treated with PEFSO and Dox alone, compared to the control. Interestingly, cells co-treated with two concentrations below the IC 50 values (15.75 and 24 µg/ml for PEFSO, 0.3 and 0.49 µM for Dox in MCF-7 and MDA-MB231 cells, respectively) showed a decrease of depolarization and a significant increase of cell death (Fig. 4) . This is evidence that the co-treatment is able to activate two different death pathways in the two cancer cell lines.
RT-qPCR analysis. To further elucidate the molecular mechanism through which PEFSO and Dox and their combination were able to induce apoptosis in breast cancer cells, we have examined mRNA expression of certain genes involved in the intrinsic mitochondrial pathway such as p53, Bax, p38, and caspase-3 as well the extrinsic death receptor pathway such as those of caspase-3 and -8, by focusing mainly on the activation mechanism of caspase-3 (table I) . Rt-qPCR was used to detect the mRNA expression after separate treatment with Dox or PEFSO at their IC 50 concentrations as well as at two lower IC 50 concentrations combined. mRNA expression change was normalized on β-actin mRNA expression (Fig. 5) .
Results showed that the mRNA expression of p53, Bax, p38, and caspase-3 genes increased significantly after treatment for 48 h with Dox, PEFSO and their combination in MCF-7 cell line. On the contrary, no increase of caspase-8 gene expression was highlighted in this cell line after treatment with Dox and PEFSO taken individually, while an increase of its expression is noticed when the two compounds are combined. Caspase-8 is involved in an extrinsic apoptotic pathway activated by a death receptor. Taken together, these observations indicated that Dox and PEFSO induced only the intrinsic apoptotic pathway while their combination induces apoptosis by both intrinsic and extrinsic pathways.
In MDA-MB231 cell line the two compounds, PEFSO and Dox, caused a significant increase of p53, Bax, caspase-3, p38 and caspase-8 expression indicating an activation of both apoptotic pathways. Their combination did not show any significant increase of p53, Bax and p38 expression levels, while caspase-3 and -8 expression levels were activated. therefore, we supposed that Dox and PEFSO combination in MDA-MB231 cells induced only activation of genes involved in the extrinsic apoptotic pathway, whereas when used individually they activate both pathways.
Discussion
Dox is an anthrax-cyclin antibiotic, which remains an important agent in many chemotherapy regimens (3). Although Dox is currently considered to be one of the most effective agents in the treatment of human breast cancer, its chemotherapeutic use is associated with severe side-effects to non-tumor tissues, such as the heart, liver, and kidney, thus greatly limiting its clinical application (19) . In recent years, FS have attracted considerable interest for their potential health benefits, including the prevention of chronic non-communicable diseases, the cardiovascular disease reduction, atherosclerosis, diabetes, cancer, arthritis, osteoporosis, and neurological disorders (11, 20, 21) . Different studies have also reported that the FS components are effective in reducing breast cancer risk and tumor growth, or in interacting beneficially with breast cancer drugs (22) . In particular, in our recent study we also characterized the phenolic components extracted from FS oil (PEFSO) and analyzed their anticancer effect on two human breast cancer cell lines, MCF-7 and MDA-MB231, and on the human non-cancerous breast cell line, MCF-10A (13) . therefore, in this study we investigated the effect of the combination of PEFSO with Dox in order to define its ability to reduce the doses of this chemotherapeutic agent also decreasing its side-effects. Hence considering that in our study (13) the healthy breast cells, MCF-10A, retained a quite constant viability with increasing concentrations of PEFSO and that, hence, this extract was not able to induce modulation of apoptosis and cell cycle on MCF-10A, we decided to test the effects of the combination between Dox and PEFSO only on breast cancer cell lines.
Firstly we observed that Dox in combination with PEFSO had anti-proliferative effects reaching IC 50 at concentrations equal to 0.3 and 0.49 µM in MCF-7 and MDA-MB231 cell lines, respectively. These IC 50 combination values are lower than the concentration of Dox alone, 1.2 and 1.5 µM in MCF-7 and MDA-MB231, respectively, which is able to induce an anti-proliferative effect also in comparison with data already reported in literature where Dox concentrations (ranging from 0.1 to 10 µM) decreased the viability of MCF-7 cells in a time-and concentration-dependent manner (23) . This supports our view that this natural compound in combination with Dox, a conventional breast cancer chemotherapeutic agent, is useful to enhance the drug antitumor activity reducing its active concentration and the adverse toxic effect. In particular, we found that the strongly synergistic combination of the two compounds in both cell lines, as evaluated by means of CalcuSyn software, induced an increase of apoptosis and a modulation of cell cycle through a decrease of g0/g1 and S phases and an increase of g2/M phase similarly to Dox, when individually used; in fact, Dox was able to arrest the MCF-7 and t47D breast cancer cell lines at g2/M phase (24) . Different studies also have indicated that Dox-induced apoptosis is associated with two distinct apoptotic pathways, i.e., the extrinsic and mitochondrial or intrinsic pathways (19) . The extrinsic pathway involved the death receptors and ligand interaction such as FasL/Fas and then activated caspase-8 (25) . It is reported that caspase-8 levels increased in MCF-7 cell line after a 48-and 72-h incubation with 0.1 and 1 µM concentrations of Dox (23) . Moreover, upregulation of pro-caspase-8 was found upon treatment with Dox in colon carcinomas cells (26) . The mitochondrial or intrinsic pathway is the major mechanism of Dox-induced apoptosis, in which the central process involves the change of permeability of the outer mitochondrial membrane with the subsequent release of several pro-apoptotic factors into the cytosol (23) . Furthermore, Dox causes apoptosis of bone marrow-derived mesenchymal stem cells (BMSCs) through ROS increase and the loss of ΔΨm, as well as the activation of p38, p53, Bax and caspase-3 genes, which consequently trigger apoptosis and dysfunction of cells (27) . According to data reported in literature, we decided to investigate certain apoptosis-associated genes, which might contribute to Dox-induced apoptosis and to its combination with PEFSO. Fig. 6 shows the functional and pathway analysis performed by PANtHER program (28) on the chosen genes showing their involvement also in other signaling pathways underlining their important role in cancer. First, we analyzed the p53 gene expression that can directly trigger the permeability of the outer mitochondrial membrane through activation of pro-apoptotic proteins such as Bax (26) . High expression of Bax gene in MCF-7 cells incubated with Dox demonstrated that there are Bax enhancer effects followed by induction of the intrinsic apoptotic pathway (23) . Indeed, we found activation of p53 and Bax in MCF-7 and MDA-MB231 cell lines treated with Dox and PEFSO alone. their combination activates these genes only in MCF-7 cells, not in MDA-MB231 cells.
Moreover, a recent study has shown that the mitogen-activated protein kinase (MAPKs) signaling is able to regulate apoptosis-associated pathways in tumor cells (29, 30) where p38 protein is involved in intrinsic pathway and appears to have a pro-apoptotic effect activating a variety of cellular stress and dysfunctions of mithocondria and caspase activation in cell apoptosis (31) . In our study Dox and PEFSO induce p38 MAPK increase in both cell lines but their combination has effect on p38 activation only in MCF-7 cells. However, regarding caspases it is important to underline that the cell death induction of both extrinsic and intrinsic apoptotic pathways is associated with caspase activation, where caspase-8, which can directly activate caspase-3 (32) , is activated mainly in the extrinsic apoptotic pathway (23) . Both pathways converged on caspase-3, and later on other enzymes lead to final events of apoptosis (33) , for this reason our aim was mainly to evaluate its role in the activation of the intrinsic and extrinsic pathway of apoptosis and how it was activated.
Overall, in our study we found that: i) caspase-3 levels increased after a 48-h incubation with Dox and PEFSO alone and after their combination in both breast cell lines but; ⅱ) caspase-8 levels did not increase in MCF-7 cells after treatment with the two compounds, only when the cells were stimulated with Dox + PEFSO alone; and ⅲ) in MDA-MB231 cells, caspase-8 increased always in both individual treatment and in co-treatment. Hence, these data demonstrate that in MCF-7 cell line Dox + PEFSO induce an apoptotic intrinsic pathway by p53, Bax p38 and caspase-3 activation as well as an apoptotic extrinsic pathway by caspase-8 activation. In MDA-MB231 cells, the cellular death may be mediated through both extrinsic and intrinsic apoptotic pathways when the compounds are used individually, but their combination activated only the extrinsic pathway (Fig. 7) . These results have been confirmed by the assessment of ΔΨm by Muse system. Indeed, in the MDA-MB231 co-treatment we did not find any mitochondrial membrane depolarization but an increase of dead cells. This did not happen when the two compounds were used individually. However, several studies have also shown that in the extrinsic pathway, there is a caspase-8 activation, which bypasses mitochondria and leads directly to caspase-3 activation, followed by apoptosis (33, 34) . In MCF-7 cells we observed depolarization of the mitochondrial membrane when the compounds were used individually as well as when they were combined.
Therefore, on the basis of our results, the combined use of the natural product, PEFSO, with the conventional chemotherapy drug, Dox, could be proficiently used to decrease the Dox effective dose and, hence, most likely also its side-effects.
